Expression of Manduca Broad-Complex (BR-C) mRNA in the larval epidermis is under the dual control of ecdysone and juvenile hormone (JH). Immunocytochemistry with antibodies that recognize the core, Z2, and Z4 domains of Manduca BR-C proteins showed that BR-C appearance not only temporally correlates with pupal commitment of the epidermis on day 3 of the fifth (final) larval instar, but also occurs in a strict spatial pattern within the abdominal segment similar to that seen for the loss of sensitivity to JH. Levels of Z2 and Z4 BR-C proteins shift with Z2 predominating at pupal commitment and Z4 dominant during early pupal cuticle synthesis. Both induction of BR-C mRNA in the epidermis by 20-hydroxyecdysone (20E) and its suppression by JH were shown to be independent of new protein synthesis. For suppression JH must be present during the initial exposure to 20E. When JH was given 6 h after 20E, suppression was only seen in those regions that had not yet expressed BR-C. In the wing discs BR-C was first detected earlier 1.5 days after ecdysis, coincident with the pupal commitment of the wing. Our findings suggest that BR-C expression is one of the first molecular events underlying pupal commitment of both epidermis and wing discs.
INTRODUCTION
Insect growth, differentiation, metamorphosis, and reproduction are mainly controlled by a complex interplay between two hormones, the steroid hormone ecdysone 3 and the sesquiterpenoid juvenile hormone (JH). The most prominent function of ecdysone is its ability to initiate and coordinate molting and metamorphosis. Whether it initiates a larval-larval molt or metamorphosis is controlled by JH. JH does not interfere with the molting response to ecdysone, but it prevents the ecdysone-induced switching in gene expression necessary for metamorphosis (Riddiford, 1994 (Riddiford, , 1996 . The interplay between ecdysone and JH has been studied most extensively in the tobacco hornworm, Manduca sexta. At the beginning of the last (fifth) larval instar, the JH titer gradually declines to an undetectable level, which prepares the animal for metamorphosis (Riddiford, 1994) . In the middle of the instar, a small ecdysteroid peak in the absence of JH triggers a genetic switch (pupal commitment) so that in response to a high peak of ecdysteroid, the animal will no longer molt to another larval stage but instead to a pupal stage. The epidermis of Manduca is a good model system to study hormonal regulation of pupal commitment since the epidermal cells switch their differentiative programs as the animals progress from larva to pupa to adult, and such a switch can be achieved in vitro by manipulating levels of these hormones (Riddiford, 1976 (Riddiford, , 1978 .
The ecdysone-induced cascade of gene expression during metamorphosis is most dramatically manifested in Drosophila salivary glands by a series of chromosomal puffs whose formation and regression is tightly regulated (summarized in Ashburner et al., 1974) . By activating a small set of primary response "early" genes that mostly encode transcriptional regulatory proteins, the original ecdysone signal is amplified and transduced to a large number of secondary response "late" genes that are thought to encode tissue-specific effector proteins necessary for the developmental events that drive metamorphosis. In Drosophila, the early ecdysone-induced broad (br) gene encodes a family of protein isoforms with a common N-terminal core region which is fused to alternatively spliced C-terminal ends containing one of four C 2 H 2 zinc finger pairs (DiBello et al., 1991; Bayer et al., 1996b) . These factors play a key role in regulating metamorphosis as manifested by the nonpupariation (br npr1 ) alleles that are null for the entire locus (Kiss et al., 1978) . Mutant animals go through embryonic and larval development normally until late in the third instar, when they are unable to proceed with the metamorphic program. Different tissues have been found to express different levels and combinations of the Broad-Complex (BR-C) isoforms, suggesting that br is important in determining the tissuespecific outcome of many parallel ecdysone response cascades (Emery et al., 1994; Bayer et al., 1996a; Restifo and Hauglum, 1998) .
We have cloned three Manduca BR-C cDNAs corresponding to Z2, Z3, and Z4 isoforms of Drosophila (Zhou et al., 1998b) . The onset of BR-C transcription in Manduca abdominal epidermis was found to correlate temporally with the pupal commitment of this tissue and could be induced Zhou et al. (1998b) . The BR-C isoforms share a core region that contains the BTB domain at its N-terminus but differ in the zinc finger region (Zn). Four fusion protein constructs, one core region (His-Core), and three different zinc finger regions (His-Zinc) were made. Hatched bars show the correspondence of the fusion proteins to the regions on the BR-C protein. Solid squares indicate the His-tag from the expression vector. (B) Specificity of the BR-C antibodies generated. Epidermis from an animal 2 days after the onset of wandering were stained with indicated antibodies preabsorbed with crude protein extracts from E. coli harboring either the expression vector only (Ϫ, upper) or the expression constructs (ϩ, lower). Pictures of the epidermis stained with the antibodies blocked with the fusion proteins (ϩ) were taken with Nomarski optics to show the cell contour. The antibodies diluted at 1:12,000 were incubated with 300 to 400 g/ml crude extracts overnight, then used in normal immunocytochemistry. Bar, 100 m.
by 20E in the absence of JH (Zhou et al., 1998b) . The presence of JH I at physiological levels in vitro completely prevented the induction of BR-C mRNA by 20E just as it prevented the induction of pupal commitment (Riddiford, 1978) . However, pupal commitment of epidermal cells does not occur at a single time point of development but rather in a complex temporal and spatial sequence Kremen, 1989) . To commit to pupal development, epidermal cells in different regions of a given segment require different exposure times to the same level of ecdysteroids. When JH was applied to the fifth instar Manduca larvae during the middle of the commitment process, larval-pupal intermediates were formed whose integument was a mosaic of patches of larval and pupal cuticle, indicating that some cells were already committed to pupal development and thus had lost their sensitivity to JH at the time of JH treatment . Therefore, it is of interest to determine if expression of BR-C is indeed a molecular indicator of pupal commitment showing a similar asynchronous expression pattern at the cellular level. Such a study is now possible as we have generated three antibodies against Manduca BR-C: one specific to the core region, one for the Z2, and one for the Z4 zinc fingers. By immunocytochemistry using these antibodies, we document here the changing developmental patterns of BR-C protein in both the dorsal abdominal epidermis and the wing discs and its correlation both temporally and spatially with pupal commitment. Although BR-C can only be induced by 20E in the absence of JH, these studies showed that JH can no longer suppress BR-C expression once it is turned on. Neither 20E-induction of BR-C expression nor its suppression by JH was dependent on protein synthesis.
FIG. 2.
Analysis of the developmental presence of BR-C protein as detected by immunocytochemistry with the anti-BR-C core antibody in dorsal abdominal epidermis in selected stages of 5th instar larvae. Pictures shown were taken in the dorsolateral area between the two stripes of white-pigmented epidermis portrayed in the diagram in the top of Fig. 4 and are typical of that region at the times assayed. Animals were dissected from 15:00 to 17:00 AZT or as indicated. D2: Day 2 fifth instar epidermis. The epidermis at this stage retains its ability to make a larval cuticle during a subsequent molt in the presence of JH (Riddiford, 1978) . No nuclear BR-C immunoreactivity can be detected. The whole cell shows some background staining due to the epidermal pigment insecticyanin that can catalyze the DAB reaction (Jindra et al., 1996) . W0 -W4: days after the onset of wandering. The yellow background in W4 is due to nonspecific staining of the underlying new pupal cuticle at that time by DAB. Arrowhead: insecticyanin granules; R: rosette of cells underlying pockmark (P) in the pupal cuticle (see W4 panel). Bar, 100 m.
These findings suggest that BR-C expression is one of the first molecular events underlying pupal commitment of the epidermis and wing discs.
MATERIALS AND METHODS

Animals
Manduca sexta larvae were raised on an artificial diet at 25.5°C in a 12L:12D photoperiod as previously described (Truman, 1972; Bell and Joachim, 1976) . Lights-off was designated as 00:00 Arbitrary Zeitgeber Time (AZT). Animals were staged individually according to the days after their ecdysis to the fifth (final) larval instar and/or by various morphological markers whenever available as previously described (Zhou et al., 1998a) . In the final instar, these larvae grow until a small peak of ecdysteroid in the absence of JH causes the cessation of feeding and the onset of wandering to find a pupation site (Dominick and Truman, 1985) . Manduca larvae grow at different rates and prothoracicotropic hormone (PTTH) that causes ecdysone release can only be released during a defined period each night when the larvae have attained or exceeded a certain weight Nijhout, 1975) . Consequently, the larger ones release PTTH and ecdysone on day 3 and wander on day 4 (Gate I larvae), whereas the slower growing ones experience the small ecdysteroid peak on day 4 and wander on day 5 (Gate II larvae).
Dissection and Tissue Culture
For culture experiments, the dorsal abdominal integument of day 2 fifth instar larvae was dissected and cleaned of all the fat body and muscle except traces at the attachment sites. The integument was cultured on the surface of 0.5 ml Grace's medium (GIBCO) at 25.5°C in a 95% O 2 -5% CO 2 atmosphere (Hiruma and Riddiford, 1984) . Medium containing 20E (Daicel Chemical Industries) and JH I (Sci Tech, Praha, Czech Republic) was prepared in polyethylene glycol-coated containers as described (Riddiford et al., 1979) .
For JH treatments, the abdominal integument was preincubated in JH I-containing medium for 1-2 h and then transferred to medium containing both 20E and JH in the presence or absence of 10 g/ml anisomycin. On day 2 of the fifth instar when the epidermis is explanted, no JH is detectable in the hemolymph (Fain and Riddiford, 1975; Baker et al., 1987) . When epidermal explants were simultaneously exposed to 20E and JH for 24 h in vitro, some epidermal cells were found to be pupally committed since they subsequently formed pupal cuticle when implanted into a fourth instar larva and thus forced to undergo a molt in the presence of JH (Riddiford, 1978) . By contrast, in that study, a 1-2 h pretreatment with JH before addition of 20E prevented pupal commitment in all cells.
Generation of Polyclonal Antibodies and Assays for Specificity
To express fusion proteins for immunization of rabbits for polyclonal antibody generation, fragments of BR-C cDNAs (Fig. 1) were amplified by PCR and subcloned into the bacterial expression vector pET-16b (Novagen). The PCR primer pairs used in PCR were as follows (sequences specific for the Manduca BR-C fragment are capitalized and restriction enzyme sites are underlined): core region, 5ЈgaaggtcgtcatatgCGCCACGACAACAATAACG3Ј and 5ЈagccggatcctcttattaCGGTGTATCATCAGTGCTCC3Ј; Z2 zinc finger, 5ЈgaaggtcgtcatatgGTACTGTGCTCAAAGGCC3Ј and 5Јagcc-ggatcctcttattaCAGCTTTGTGTGTGATGG3Ј; Z3 zinc finger, 5ЈgaaggtcgtcatatgGAGCCTCAAGAGTGTCCC3Ј and 5Јagccg-gatcctcttattaTATTGCACATGTGAAGCC3Ј; Z4 zinc finger, 5ЈgaaggtcgtcatatgGGCAAGCTGCTGTCCACG3Ј and 5Јagccg-gatcctcttattaCACGTTGAACTGATC3Ј.
Fusion proteins expressed in E. coli strain BL21 (DE3) were made soluble in 8 M urea and purified with the HisTrap kit (Pharmacia). The purified fusion proteins were subjected to SDS-PAGE to remove coeluted contaminants from the column. The band on the polyacrylamide gel was cut out and used directly to prepare the injection mixture for immunizing rabbits. Each fusion protein was injected into two rabbits whose serum had been found negative for antibodies that cross-reacted with Manduca tissues. All the injections were carried out by R&R Rabbitry (Stanwood, WA).
To assay the specificity of the generated antibodies, we preabsorbed the antibodies with crude protein extracts of bacteria transformed by each fusion protein expression vector. The crude protein extracts were prepared as described in Jindra et al. (1996) with modification. Briefly, the bacteria were resuspended in 10 mM Tris (pH 7.5), 100 mM NaCl, 1.5% Sarkosyl, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 0.1 mM dithiothreitol (DTT), and 5 g/ml leupeptin. After sonication, the extract was centrifuged at 20,000g for 15 min to remove bacterial debris. Without further purification, this crude extract was added to the phosphate buffered saline (PBS: 0.15 M NaCl, 2 mM NaH 2 PO 4 , 7.7 mM Na 2 HPO 4 ) plus 1% Triton X-100 (Sigma) (PBS-TX) solution containing the primary antibody at a concentration of 350 -400 g/ml and incubated overnight at 4°C. In the preblocking experiment, these preabsorbed antibodies were then used for immunocytochemistry as described below.
Immunocytochemistry
Manduca epidermis was fixed in freshly prepared 3.7% formaldehyde (Fisher Scientific) in PBS for 30 min at room temperature. After extensive rinsing with PBS-TX to remove as much insecticyanin as possible, tissues were blocked with 5% normal donkey serum (Jackson ImmunoResearch Laboratories), rinsed with PBS-TX, and then incubated with the primary antibodies (1:8,000 -1: 10,000) in PBS-TX for 2 days at 4°C. After extensive rinsing in PBS-TX, tissues were exposed to a peroxidase-conjugated donkey anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories) diluted 1:1,000 with PBS-TX for a day at 4°C. After rinsing with several changes of PBS-TX, the tissues were stained in PBS-TX containing 0.5 mg/ml 3,3-diaminobenzidine (DAB, Sigma), 2 mg/ml ␤-D-glucose, 0.4 mg/ml ammonium chloride, and 0.2 units glucose oxidase. For confocal analysis, fluorescein isothiocyanate (FITC)-labeled donkey anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories) was used at 1:1,000 dilution.
Before the eversion of the Manduca wing discs, the wing epithelium is surrounded by a monolayer epithelium, the peripodial membrane. During larval life, the epithelial cells produce a thin cuticular layer in the space between the wing epithelium and the peripodial membrane (see Svacha, 1992 for a detailed discussion). Our preliminary studies showed that this cuticular layer acts as a barrier that prevents the penetration of antibodies. To overcome this obstacle, after the normal fixing and rinsing steps described above, wing discs were split open with fine forceps to expose the wing epithelium. The samples were then processed for immunocytochemistry as described above.
For the developmental time series of both epidermis and wing discs, samples from the different stages were processed together at one time to enable comparison of relative intensity among the various time points. In each series there were always overlapping time points with the previous series to allow comparison between series. Because of the nonlinearity of DAB staining with time, comparisons were only done within a series processed together at the same time and intensity differences are only relative within a series.
For light microscopy, images were captured with a Sony video camera attached to a Nikon Optiphot microscope. Confocal images were obtained using a BioRad MRC-600 Confocal laser scanner and an Optiphot Nikon microscope. All images were processed with Adobe Photoshop.
Isolation and Analysis of RNA
Total epidermal RNA was isolated by the acid guanidinium isothiocyanate method of Chomczynski and Sacchi (1987) followed by ethanol precipitation (Hiruma et al., 1997) . The RNA concentrations were determined spectrophotometrically (Davis et al., 1986) .
Northern hybridizations using 15 g total RNA and a BR-C-core cRNA probe were performed as described by Zhou et al. (1998b) . The hybridized filters were analyzed by a molecular imaging system (BioRad Model GS-505).
RESULTS
Generation and Characterization of Antibodies
As in Drosophila melanogaster (DiBello et al., 1991; Bayer et al., 1996b) , Manduca br encodes at least three different zinc finger domains, the Z2, Z3, and Z4 homologs (Zhou et al., 1998b) . We expressed portions of these proteins in E. coli and used the fusion proteins to generate antibodies against the common core region or specific zinc finger domains (see Fig. 1A for a schematic representation). To ensure minimal cross-reaction to other proteins in the Bric-à -brac, Tramtrack, and Broad-Complex (BTB) group (Zollman et al., 1994) , we constructed a fusion protein corresponding to the core region outside of the BTB domain (His-Core in Fig. 1A ) to generate the common antibody. Three other His-tagged fusion proteins (His-Zinc) corresponding to the zinc fingers of Z2, Z3, and Z4 isoforms were constructed as shown in Fig. 1A .
We successfully generated antibodies against the common core region, the Z2 zinc finger, and the Z4 zinc finger (Fig. 1B) . The Z3 fusion protein was not sufficiently antigenic to produce a usable antibody. The BR-C core, Z2, and Z4 antibodies detected immunoreactivity in the nuclei of epidermis 2 days after the onset of wandering when the mRNAs of all three isoforms were high (Zhou et al., 1998b) . These antibodies also showed nuclear staining in muscles attached to the epidermis (data not shown). When the antibodies were preabsorbed with 350 -400 g/ml of their corresponding crude fusion protein extracts prior to use (see Materials and Methods), no immunostaining was seen in the epidermis (Fig. 1B, bottom) and muscle (data not shown). Preincubation with an equal concentration of crude protein extracts from the E. coli bacteria containing only the expression vector did not prevent immunostaining (Fig.  1B, upper) . Immunostaining also was not prevented by cross-preincubation of each antibody with the other crude fusion protein extracts (data not shown). Therefore, these antibodies are specific for their corresponding fusion proteins.
Developmental Profiles of BR-C Proteins in the Epidermis during the Final Larval Instar
No BR-C mRNAs were detected in the dorsal abdominal epidermis through the first 3 days of the final (fifth) instar but appeared at the time of pupal commitment (Zhou et al., 1998b) , which occurs on day 3 in Gate I animals and on day 4 in Gate II animals . Using the BR-C core antibody, we examined BR-C protein levels in fifth instar epidermis of the fourth and fifth abdominal segments. Consistent with the mRNA level, no BR-C immunoreactivity was seen in the epidermis of early feeding fifth instar animals as exemplified by the day 2 fifth instar epidermis (Fig. 2, D2 ). The whole cell, in contrast to the nuclear staining of BR-C, showed background staining due to insecticyanin granules (arrowheads in D2, Fig. 2 ) since the insecticyanin chromophore with time apparently can catalyze the DAB reaction (Jindra et al., 1996) . BR-C immunoreactivity was first detected in the nuclei of the epidermal cells of Gate I larvae early on day 4 just before the onset of wandering began (Fig. 2, W0 , 01:00). The staining levels increased later that day (Fig. 2, W0 , 16:00), then declined on the day after wandering (Fig. 2, W1 , 16:00) when the ecdysteroid titer is low. Later on the same day, as the ecdysteroid titer increased for the pupal molt, the BR-C immunoreactivity began increasing (Fig. 2, W1 , 20:00). When the ecdysteroid titer reached its peak on the following day, high levels of BR-C immunoreactivity were detected (Fig. 2, W2 ). The following day the nuclei of the epidermal cells that were dividing and rearranging to form rosettes (R in W3) were clearly stained (Fig. 2, W3 ). These cells form the cuticular pockmarks (P in W4) that are characteristic of the pupal abdominal cuticle (Roseland and Riddiford, 1980; Kato et al., 1987) . Just prior to pupal ecdysis on W4, most rosettes and the general epidermal cells showed no nuclear BR-C immunoreactivity. There were however occasional rosettes where low levels could be detected (Fig. 2, W4) .
The two antibodies against the Z2 and the Z4 zinc fingers each detected immunoreactivity in fifth instar epidermis with different dynamics (Fig. 3) reflecting their mRNA levels (Zhou et al., 1998b) . Corresponding to the two ecdysteroid peaks during the larval-pupal transition, two peaks of Z2 immunoreactivity were detected: one on the day of wandering (W0) and one 2 days after the onset of wandering (W2) (Fig. 3, top) . In contrast, Z4 immunoreactivity was low at the time of pupal commitment but reached a peak 3 days after the onset of wandering (W3) (Fig. FIG. 5 Epidermis was incubated in JH I first for 1 h and then transferred to the medium containing JH I and 0.5 g/ml 20E for 24 h. (F) JH I could not reverse BR-C expression once it had been turned on by 20E. The epidermis was incubated in 0.5 g/ml 20E for 6 h, then transferred to medium containing 20E and 1 g/ml JH I for another 18 h. The nuclear BR-C staining on the right side was comparable to that of the epidermis cultured in 20E for 24 h (D) with some nuclei showing more staining than others. The epidermal cells on the left side are dorsal to the lateral white stripe (see Fig. 4 for a diagram) and showed no nuclear BR-C immunoreactivity. The same area was the last to gain pupal commitment ( Fig. 4B ; . Both bars in A-D and E-F are 100 m.
FIG. 4.
Sequential pupal commitment and BR-C expression pattern in a half segment of Manduca dorsal abdominal epidermis during the larval-pupal transition. (A-C) Spread of pupal commitment through the dorsal part of the 5th abdominal segment of Manduca as measured by sensitivity to JH at different times on day 3 of the final larval instar [modified from ]. Gray areas are the epidermal cells that have lost their sensitivity to JH and are therefore committed to pupal development. Dorsal is up and anterior is to the left. (D-E) Spread of BR-C expression through the dorsal part of the 4th and the 5th abdominal segments of Gate II day 4 5th instar larvae. Coincident with pupal commitment, BR-C immunoreactivity against the core antibody is first detected in the cells underlying the two white stripes (D). By 3 h later (E), BR-C expression has spread to most other areas, but only scattered cells in the area immediately above the lateral white stripe expressed BR-C (arrowheads in E). (F) All epidermal cells in this animal show BR-C immunoreactivity. The approximate position of the pictures in (D) and (E) is indicated by a box in (B) while that of (F) is shown by a box in (C). DW: dorsal white stripe; LW: lateral white stripe; S: spiracle. Bar, 100 m.
3, bottom) when pupal cuticle is being deposited (Sedlak and Gilbert, 1979) . As with the core antibody, the Z4 antibody occasionally detected a low level of immunoreactivity in some rosettes before pupal ecdysis, whereas the Z2 antibody did not (Fig. 3, W4 ).
Patterning of BR-C Expression during Pupal Commitment of the Epidermis
Pupal commitment is triggered by a small peak of ecdysteroid in the absence of JH on the day before the onset of wandering (Riddiford, 1978) . The commitment of Manduca epidermis to pupal development occurs at different times during day 3 in various regions of the fifth abdominal segment as determined by application of JH . The areas that were first to become aloof to JH and form a pupal cuticle in the next molt despite the JH treatment were patches in the lateral white stripe (Fig.  4A -C, modified from . Preliminary experiments with Gate I animals on late day 3 and early day 4 showed considerable variability among animals as to the time of the onset of expression of BR-C protein in the nuclei of the dorsal abdominal epidermis, but BR-C always appeared first in the white stripe regions. We therefore used Gate II animals, which are more synchronized in their developmental response to ecdysteroids ) during day 4 to investigate the spatial appearance of BR-C in the dorsal abdominal epidermis. Figure 4D shows that BR-C first appeared in the lateral and dorsal white stripe regions in the early morning of day 4. It then spread rapidly over the dorsal part of the segment, first in both directions from the dorsal white stripe and ventrally from the lateral white stripe. The last area to show BR-C immunoreactivity was the area dorsal to the lateral white stripe (Fig. 4E) . Within this area, often islands of cells or scattered individual cells acquired BR-C immunoreactivity (arrows in Fig. 4E ) and were surrounded by cells that had no immunostaining. The spread of BR-C immunoreactivity across the fourth or fifth dorsal abdominal segment was similar to the pattern of loss of sensitivity to JH as the cells become pupally committed ; diagrammed in Fig. 4A-C) . Zhou et al. (1998b) showed that BR-C mRNA was induced in day 2 fifth epidermis 6 h after exposure to 20E in the absence of JH I. Using a similar in vitro culture setup, we found that significant BR-C immunoreactivity to the core antibody was first detected in nuclei of epidermal cells underlying the two oblique white stripes (see Fig. 4A ) after 6 h exposure to 500 ng/ml 20E (Fig. 5B) . The BR-Cexpressing cells were at this time mostly limited to the white stripe region. By 9 h, the level of BR-C in the cells in the white stripe region had increased and BR-C was seen in other regions, especially in the dorsal-most area (data not shown). In the dorsolateral part of the segment between the two white stripes, only patches of cells had BR-C-staining nuclei (data not shown). After 12 h exposure to 20E, BR-C was found in much of the dorsum and appeared to have spread out on both sides of the dorsal white stripe, but only ventrally from the lateral white stripe (Fig. 5C, left side) . As a result, except for the area immediately dorsal to the lateral white stripe (Fig. 5C, right side) , almost all the cells elsewhere had started to express BR-C. By 24 h, all the cells showed BR-C immunoreactivity, although there was still some variability in the intensity of staining among the nuclei (Fig. 5D) .
Hormonal Regulation of BR-C in the Abdominal Epidermis
When day 2 epidermis was cultured in 20E in the presence of 1 g/ml JH I, no BR-C mRNA appeared (Zhou et al., 1998b) . Similarly, when 1 g/ml JH I was included with 20E in the culture medium, no BR-C immunoreactivity was seen in the epidermal cells even after a 24 h culture period (Fig. 5E) . Therefore, this concentration of JH I completely suppressed the 20E-induced expression of BR-C in epidermis. To test whether induction of BR-C by 20E can be reversed by JH I, the epidermis was cultured with 20E for 6 h (a time when low levels of BR-C first appear in some cells as seen in Fig. 5B ), then transferred to a medium containing both 20E and JH I for another 18 h. Under this culture scheme, we found that at the end of the 24-h period, BR-C was expressed in most epidermal cells (Fig. 5F ) at similar levels to that seen in the absence of JH for 24 h (Fig.  5D ). An important exception, though, was patches of epidermis immediately above the lateral white stripe that showed no BR-C immunoreactivity (Fig. 5F ). Since the level of BR-C mRNA is still low after only 6 h of exposure to 20E (Zhou et al., 1998b) , these findings suggest that BR-C transcription and translation can continue in response to 20E in the presence of JH if that transcription has already been initiated by 20E in the absence of JH. They also show that by 6 h of exposure to 20E alone, not all cells had gained the competence to express BR-C mRNA.
BR-C has been shown in different Drosophila tissues to be a primary response gene, which can be induced by 20E directly and rapidly without the need of new protein synthesis (Bayer et al., 1996b; Restifo and Hauglum, 1998) . In Manduca epidermis, the early gene E75 is rapidly induced within half an hour upon exposure to 20E even in the presence of protein synthesis inhibitor anisomycin (Zhou et al, 1998a ). Yet a 6-h exposure to 20E is required before BR-C mRNA can be detected (Zhou et al., 1998b) . Is new protein synthesis needed during this 6-h period in order to induce BR-C expression in Manduca epidermis? To resolve this question, we cultured day 2 fifth instar epidermis with 20E and JH in the presence or absence of 10 g/ml anisomycin, which inhibits 99% protein synthesis in this tissue (Hiruma et al., 1995) . As shown in Fig. 6 , Manduca br is indeed a primary response gene that can be induced by 20E even when new protein synthesis was inhibited. Moreover, the presence of anisomycin had little effect on the suppression of BR-C mRNA induction by JH. When anisomycin was present during the preculture period with JH as well as during the culture with 20E and JH, only trace amounts of BR-C mRNA were detected. Thus, JH suppresses 20E induction of BR-C in the absence of new protein synthesis.
BR-C Expression in Wing Discs
In Manduca, the larval epidermis, through two successive reprogrammings, gives rise to the adult epidermis. Almost all the adult external structures such as compound eyes, antennae, and adult legs also originate from primordial cells in the larval epidermis. Most of these primordia make larval cuticle during the early larval stages, then detach from the cuticle and begin to proliferate to form the imaginal precursor cells early during the final larval instar (Truman and Riddiford, 1999) . One exception is the wing discs. Wing discs come from cells that are set aside during embryogenesis and proliferate during larval development making only a thin cuticular layer (Svacha, 1992) . During the final larval instar, the wing discs continue to proliferate, but also gradually become committed to pupal differentiation between about 18 and 96 h after the final larval ecdysis (Yoshida and Riddiford, unpublished data; diagrammed in Zhou et al., 1998b ). An early sign of this commitment is the migration of the trachea through the wing epithelium (Nardi et al., 1985) .
Significant BR-C immunoreactivity was first detected in nuclei of both the peripodial membrane cells and the wing epithelial cells 36 h after ecdysis to the fifth instar (Fig. 7,  D1 ) and gradually increased with time. A sharp increase in BR-C level was seen on late day 3 (Fig. 7, D3 ) at the time of the small peak of ecdysteroid. BR-C immunoreactivity continued to increase in intensity after the larva entered the wandering stage (Fig. 7, W0 and W1) . By 2 days after the onset of wandering (W2) at the time of the prepupal rise in ecdysteroid and eversion of the wing discs from the body cavity, BR-C levels were quite high in the wing epithelium, although there was variability among the diploid nuclei (Fig. 7, W2 ). In both W1 and W2 stages, the wing epithelium contains a class of cells with large BR-C-stained "nuclei" above the plane of the normal epithelial cells. Propidium iodide staining in W2 wing discs showed that the chromosomes in these nuclei were either aligned at the metaphase plate or segregating during anaphase (data not shown), indicating that they were dividing cells. We were unable to examine BR-C expression in the everted wings on W3 and W4 due to the deposited pupal cuticle on both sides of the wing.
DISCUSSION
During Drosophila metamorphosis, transcriptional activation of broad is one of the earliest responses to metamorphic changes of the ecdysone titer (Andres et al., 1993) . BR-C transcripts are initially expressed at low levels in early-third instar larvae and rapidly accumulate with the rising hormone titer during the last several hours before puparium formation. Similarly in Manduca abdominal epidermis, consistent with the metamorphic changes in ecdysteroid titers, BR-C mRNA first appears during the small peak of ecdysteroid in the absence of JH that causes pupal commitment of the epidermis (Zhou et al., 1998b;  Fig. 2 ). These present studies show that BR-C appears in a pattern   FIG. 6 . Effect of the protein synthesis inhibitor, anisomycin (AMC), on the induction of BR-C mRNA by 20E in the presence or absence of JH I. Day 2 fifth instar epidermis was precultured for 1 h in Grace's medium Ϯ JH I, AMC, or JH ϩ AMC, and then cultured for 7-9 h with various combinations of 1 g/ml JH I, 0.5 g/ml 20E, and 10 g/ml AMC as indicated above the Northern. BR-C mRNA is directly induced by 20E and this induction can be suppressed by JH I without new protein synthesis. Total RNA samples extracted from mixed tissues of W1 and W2 animals were included in the same gel as a positive control for Northern hybridization. Ethidium bromide staining of ribosomal RNA is shown as a control for loading. Fifteen micrograms total RNA were loaded in each lane except W1 and W2 samples, which were loaded at 10 g per lane.
within the abdominal segment similar to that seen for the loss of sensitivity to JH and thus is a molecular marker of pupal commitment.
Alterations in BR-C Isoforms during Development
In Manduca epidermis, our studies show here that both Z2 and Z4 protein isoforms were present during the larvalpupal transition. The Z2/Z4 isoform ratio, however, shifts during prepupal development with the Z2 isoform predominating at pupal commitment (W0) and the Z4 isoform higher when pupal cuticle is being deposited (W3) (Fig. 3) . Although Z3 mRNA is present in the epidermis (Zhou et al., 1998b) , the lack of a specific Z3 antibody prevents our assessment of its relative levels. In Drosophila, different isoforms have also been detected in every tissue during metamorphosis (Emery et al., 1994; Bayer et al., 1996b; Restifo and Hauglum, 1998) . The relative ratio of each isoform and their expression profiles differ among tissues. The Z2/Z1 isoform ratio shifts during prepupal development with the Z2 isoform predominating at puparium formation and the Z1 isoform predominating 8 h later, some 2 to 4 h before head eversion (Emery et al., 1994) . In Drosophila, Z1 and Z4 are most closely related (Bayer et al., 1996b) . Since Manduca appears not to have a Z1 isoform (Zhou et al., 1998b) , the Manduca Z4 isoform may have similar roles to that of Z1 in Drosophila. These similar shifts in isoforms in both Drosophila and Manduca suggest that different BR-C isoforms, either separately or in particular ratios, play different roles in the larval-pupal transition. Possibly the Z2 isoform is important in regulating early events such as shutting off larval-specific genes during pupal commitment, whereas the Z4/Z1 isoforms are important for regulating genes that make pupal products such as the pupal cuticle.
Patterning of BR-C Expression in Epidermis during Pupal Commitment
We have shown that BR-C mRNA transcription in the epidermis temporally coincides with the pupal commitment of this tissue (Zhou et al., 1998b) . The current in vivo (Fig. 4) and in vitro (Fig. 5 ) studies showed that the epidermal cells do not all acquire nuclear BR-C at the same time, but in a pattern that is consistent with the commitment of the epidermis to pupal development, which also occurs asynchronously within a segment . In the JH-treated fifth instar larvae, the epidermis underlying the lateral oblique white stripe on each side of the segment was the first to be able to form pupal cuticle in the presence of JH, indicating these cells were the first to become pupally committed Fig. 4A) . We found here that the cells underlying the dorsal and lateral white stripes were the first to show BR-C both in vitro and in vivo (Fig.  8A) . Then over time, BR-C expression spreads to other areas primarily outward from these centers (Fig. 8B) . Also observed were some patches of BR-C surrounded by nonexpressing cells as shown in Fig. 8C .
How does this sequential pupal commitment of epidermal cells occur when exposed to 20E in the absence of JH? Based upon cautery experiments, Kremen (1989) suggested that in the thoracic epidermis of Precis coenia, there is a cellular signal originating from a small group of epidermal cells along the midline. The passing of this signal to other epidermal cells, in addition to the absence of JH, determines the time of pupal commitment of the epidermis and therefore the spatial mosaic larval-pupal pattern of JH-treated animals. The nature of this signal has not been determined. Whether such a signal also exists in Manduca is unknown. If it did, then we would expect that it may originate from clusters of cells in the lateral white stripe area as indicated by the mosaic pattern of larval-pupal intermediates Fig. 4A) . Since it is difficult to get   FIG. 7 . BR-C expression in wing discs in selected stages of 5th instar larvae. Weak BR-C expression is detected in both the peripodial membrane (PM) and the wing epithelium (WE) of day 1 fifth instar larvae (D1). BR-C immunoreactivity increased significantly on D3 and stayed high until W2. Beginning on W3, the pupal cuticle secreted by the wing prevented whole-mount immunostaining. Animals were dissected from 19:00 to 21:00 AZT. Bar, 25 m.
larval-pupal intermediates with small patches of pupal cuticle, the spread of this "signal" is likely rapid especially within the white stripes. Therefore, our finding that BR-C is first expressed in both the lateral white stripe and the dorsal white stripe, which is an extension of the lateral white stripe of the next anterior segment, represents a state shortly after the signal spread from these original spots.
The observed pattern of spreading of BR-C across the dorsal abdominal segment is somewhat different from what has been reported for BR-C expression within a tissue in Drosophila. In the Drosophila eye disc, ecdysone signaling directs the movement of the morphogenetic furrow that marks the anterior front of the wave of differentiation of the photoreceptor cell clusters (Brennan et al., 1998) . The Z1 isoform of BR-C responds to that signal only in the morphogenetic furrow and in the peripodial membrane but never spreads out over the eye disc, although the ecdysone receptor (EcR) and its heterodimeric partner Ultraspiracle (USP) are apparently uniformly expressed throughout the disc. Mutant analysis showed that BR-C was necessary for movement of the furrow and proper patterning of the clusters. In the developing Drosophila ovary, BR-C is first expressed in all follicle cells at stage 6 of oogenesis, but localizes by stage 11 to the dorsal-anterior follicle cells that are thought to form the dorsal appendages of the chorion (Deng and Bownes, 1997) , and E75 shows the same pattern (Buszczak et al., 1999) . The early uniform up-regulation of these transcription factors appears to be ecdysteroiddependent (Buszczak et al., 1999) , whereas the later restricted patterning of BR-C (Deng and Bownes, 1997) and E75 (Buszczak et al., 1999) depends on the epidermal growth factor receptor and the Decapentaplegic patterning pathways. In Manduca epidermis region-specific patterning genes are clearly important in the ecdysteroid-induced up-regulation of BR-C since both the B1 isoform of EcR and USP are expressed uniformly over this dorsal region on day 3 of the fifth instar (Jindra et al., 1996; Asahina et al., 1997; L. M. Riddiford, unpublished data) . The nature of these patterning genes is not yet known.
BR-C Expression and Pupal Commitment
Both 20E-induced BR-C expression ( Fig. 5E ; Zhou et al., 1998b) and pupal commitment (Riddiford, 1976 (Riddiford, , 1978 are completely prevented when JH is present as the day 2 fifth instar epidermis sees 20E. Importantly though, once BR-C mRNA is expressed, JH can no longer suppress its expression and much BR-C protein is made (Fig. 5F ). Likewise, JH cannot effectively block this 20E-induced commitment change when it is given after the epidermis sees 20E first for 6 h (Riddiford, 1978) .
During pupal commitment, a genetic switch occurs so that larval-specific genes such as insecticyanin and certain larval cuticle genes are permanently inactivated. Later, the pupal-specific genes are activated when the pupal products are being made (reviewed in Riddiford, 1995) . In Drosophila, the divergent gene pair, Pig-1 and Sgs-4, shares an 838-bp regulatory region containing multiple binding sites for all BR-C isoforms (von Kalm et al., 1994) . This region first drives Pig-1 transcription at the beginning of third instar and then switches to drive Sgs-4 expression by the midthird instar (Mougneau et al., 1993) . The switch, repression of Pig-1, and induction of Sgs-4, is br-dependent (von Kalm et al., 1994) . This ability of BR-C to switch Pig-1 to Sgs-4 expression makes the br gene a perfect candidate as the primary ecdysone response gene capable of directing the genetic reprogramming necessary for pupal commitment and metamorphosis. Therefore, it is not surprising that the appearance of BR-C mRNA is one of the first molecular events seen in pupal commitment of the epidermis.
Since new protein synthesis was not necessary for either 20E-induction of BR-C or the JH-suppression of that induction (Fig. 6) , neither the delayed onset of BR-C expression nor its suppression by JH is dependent on 20E-induced transcription factors. The finding that JH can no longer suppress 20E-induced BR-C expression once low levels of its mRNA are expressed in particular regions (Fig. 5F ) suggests that the appearance of BR-C mRNA may be under a two-step control by 20E. The first action of 20E in the absence of JH could be to "expose" the br promoter since this gene has previously been unresponsive to 20E during larval molts when it is acting in the presence of JH. Once its promoter is exposed, then 20E can directly activate the br gene, irrespective of the presence or absence of JH. In such a system the suppressive function of JH on 20E-induction of BR-C mRNA might rely on its ability to maintain the "closed" chromatin structure around the br promoter. Such a scenario is clearly speculative but could account for the delay in the appearance of BR-C mRNA after exposure to 20E in the absence of JH and for the lack of JH effect on the continued up-regulation of BR-C mRNA by 20E once the   FIG. 8 . Spreading of BR-C expression in a half segment of Manduca dorsal abdominal epidermis. BR-C immunoreactivity (gray area) was first seen in both white stripes (A) and then spread to other regions (B). The area immediately above the lateral white stripe was the last to express BR-C (C). Dashed lines enclose the dorsal piece of the segment that was dissected for examination. Dorsal is up and anterior is to the left. DW: dorsal white stripe; LW: lateral white stripe; S: spiracle.
gene is activated. Indeed, in Drosophila imaginal discs, the already activated br gene was induced immediately by 20E in vitro (Bayer et al., 1996b) .
Similar to the epidermis, the wing discs show BR-C mRNA (Zhou et al., 1998b) and protein (this paper) as they become committed to pupal development beginning 12-18 h after ecdysis to the fifth instar (H. Yoshida and L. M. Riddiford, unpublished data) . Coincident with the appearance of BR-C and pupal commitment, the tracheae of the wing disc start to proliferate and migrate through lacunar channels into the extracellular space between the wing epithelial layers (Nardi et al., 1985) . It is not clear at this moment whether BR-C expression and tracheal migration are merely a coincidence or causally related by being controlled by the same developmental cues.
